A formula for the maximumstable drop size has been derived theoretically, by taking into consideration the effect of the dispersed-phase viscosity. The derived formula indicates that the controlling factors of the maximumstable drop size are the WeberNumberand the viscosity group which is defined as the ratio of the viscous stress to the stress of interfacial tension. The validity of the formula was confirmed experimentally over a wide range of dispersed-phase viscosity.
Introduction
The agitation of two or more liquid phases in tanks is a commonoperation in the chemical industry.
In some operations it is often desirable to have realistic information with regard to the size of drops which are formed in the agitated tank. The knowledge of the breakup of a drop in turbulence is essential for determining the drop sizes; the maximumstable drop size is especially important for elucidating the mechanism of a drop breakup and for its theoretical treatment. Hinze2) suggested that the breakup of a drop occurs whenthe Weber NumberNWe=peu\d)d/areaches a critical value (NWe)cvit. Namely, the size of the maximumstable drop, rfmax, can be determined by solving the following equation.
P^(dmKX)dm&Ja = (Nw e)CIit(= const.) (1) This equation is adequate, whenthe stress due to the inter facial tension counteracts the deformation of the drop. On the other hand, viscous stress due to internal flow will also prevent the deformation of the drop.
Hinze also analyzed the effect of the dispersed-phase viscosity on (NWe)cxit when the dynamic pressure in a drop was of the same order of magnitude as the external stress acting on the drop surface. On the basis of Hinze's analysis Hughmark3) proposed the equation for the maximumstable drop size, which included the viscosity effect. However, these treatments will be invalid as the dispersed-phase viscosity increases, because the dynamic pressure in a drop becomes smaller than the external stress and the viscous stress in a drop becomes Received October 2, 1976 . Correspondence concerning this article should be addressed to S. Saito.
VOL. 10 NO. 4 1977 of the same order of magnitude as the external stress.
The present work proposes a moregeneral expression for Jmax which is applicable in the wide range of the dispersed-phase viscosity.
The MaximumStable Drop Size for Breakup in Isotropic Turbulence
Assuming that the turbulence is isotropic and that the drop diameter d is much larger than the Kolmogoroff length 57, the mean square velocity difference u\d) is given by t?(d) oc (edf/s (2) Introducing Eq. (2) into Eq. (1), Hinze2) obtained the following equation.
pce*VJ<j = const.
In these equations e is the energy dissipation rate per unit mass and for a fully baffled turbine operating at high Reynolds number it is given as follows: e oc n\U (4) Introducing Eq. (4) Larger values of pd play an important part in resisting the deformation of a drop and make Eqs. (3) and (5) inappropriate2>7). In the present work this effect of the dispersed-phase viscosity is introduced into the expression for the maximumstable drop size as follows.
As the stress due to the inter facial tension counteracts 
In order to solve Eq. (6) exactly, it is necessary to know AP{d,t) in all details as a function of time. Because of the irregularity of turbulence this can not be done; however, AP(d,t) can be described by laws of probability. Namely, it is possible to give distinct average values of the magnitude and the period of AP(d,i). Designating these average values to AP and T, respectively, they are given for the region of turbulence with which the present work is concerned as follows :
T oc d2/3/e1/3 (9) In the first approximation, the expression "pseudo turbulence" is used in order to characterize the deformation of a drop in turbulence: this refers to hypothetical case of a flow field with a regular pattern that shows a distinct constant periodicity in time and space. Accordingly, AP{d,i) is a periodic function whose magnitude and period are proportional to AP and T as given by Eqs. (8) and (9) . Then, AP(d,t) will be given as follows: In this equation g(co) is a universal periodic function which depends only on to. The universality of g(w) results from the consideration that the quantities of AP and T are main factors which determine the statistical property of AP(d,t). Using Eqs. (10) and (ll), Eq. (6) can be transformed into the following dimensionless form ;
and Cx and C2 are constants. Nvi is called the viscosity group. It is the same notation that Hinze2) used for the dimensionless group /Ud/VpdGd, because both groups account for the effect of the viscosity of the liquid in a drop.
Equation (12) has a solution of the following form. 0=Oo)=o txp (-a)/C1Nvi)+ C2NWeI(cofNVi) (1 5) where /is a function of w and Nvi and is given by the following equation.
Since the first term on the right-hand side in Eq. (15) vanishes rapidly with time, it can be ignored in this case. Consequently, 6 is described as 0= C2NWeI(w, Nvi) (17) As seen from Eq. (17) 0 reaches a maximumvalue, #max> when the value of / becomes maximum.At a maximumpoint the following equation is satisfied. dI(Q>,Nvt)/da> = 0 (1 8) and apparently the value of / at the maximum point depends only on Nvi. Hence the maximumdeformation #maxcan be expressed as Om**= C>NwJmUNvi) (19) where /max is an unknownfunction which depends on Nvi, because the functional form of g(co) cannot be determined explicitly. However, as Nvi becomes very small or very large, the limits of/max can be derived by means of Eq. (12). WhenNvi approaches zero, Eq. 
Nvi-*0
WhenNvi is limited to infinity, we obtain in the same way as above the following equation.
lim/max=const.
N^1 (23)
For convenience, if a functionf(Nvi) is defined as /max(tf,,) = const./{ l +f(Nvi)} (24) Equations (22) and (23) can be rewritten as
It is, now, assumed that the breakup of a drop occurs when #maxreaches a certain critical value 0crit. The expression of the maximum stable drop size iax is, then, obtained by using Eqs. (2), (14),
and (24) as pce^d^Ja( \ +f(Nvi)) = comt (27) where Nvi = /ide^c^!Ja (28) Whenthe effect of the dispersed-phase viscosity jud is neglected, i.e., Nvi-^0, Eq. (27) agrees with Eq. (3) derived by Hinze. Onthe other hand, when the effect of /Ltd is sufficiently large, i.e., Nvi->oo, Eq. (27) can be transformed by using Eqs. (26) and (28) In the medium region, where both the inter facialtension force and the viscous stress must be taken into account, it is necessary for expressing the relation between dmaxand the operation variables explicitly that the functional form of f(Nvi) is predetermined experimentally.
Experiment

1 Apparatus
A schematic diagram of the equipment is shown in had been added in order to prevent adhesion of drops to the wall of the vessel. The continuous phase was saturated with 0-xylene prior to each run. All runs were made in a completely filled vessel in order to avoid complication which would result from introduction of a third (gas) phase into the liquid. Dispersed phase volume fraction <f> was always taken below 0.3%, in order to satisfy sufficiently noncoalescing Photographs of the dispersion were taken at appropriate intervals during each run. The negatives were projected onto frosted glass screen and then the drop 328 size measurements were made by hand from the reflections using slide calipers. A minimumcount of 300 drops was necessary to obtain accurate drop size distribution1}. The largest drop sizes were defined as drop sizes at which tails of the distributions on large side converge to zero.
Experimental Results and Discussion
A plot of the diameter of the largest drop against stirring time is shown in Fig. 3 . It is apparent from Fig. 3 that the size of the largest drop obtained under each experimental condition reaches a constant value whenthe system is agitated for more than 40 minutes. Therefore, in this work we adopted the largest drop size obtained after more than 40 minutes in stirring time as the maximumstable drop size dm^, because dispersed phase volume fraction <f> at each run is small enough to neglect the effect of coalescence8}. Figure 4 shows logarithmic-scale plots of Jmax vs. nr. The solid curves are drawn through the data for the same dispersed-phase viscosity. The upper broken line shows the slope of -0.75 predicted from Eq. (30) and the lower broken line the slope of -1.2 predicted from Eq. (5). At impeller speeds above 300 rpm, the data for jud larger than 520 cp are well correlated with lines of theoretical slope -0.75 and those smaller than 34 cp with lines of theoretical slope -1.2. However, the data show a curvature tending toward higher slopes independently of jud as the impeller speed is decreased below 300 rpm. It should be noted that this tendency appears not only in the small jud region as observed by some investigators5-9 10) but also in the large jud region. Therefore, this is caused by a factor which is independent of the change of the dispersedphase viscosity. On the other hand, it is found that the breakup of drops with sizes near to dmSiXdoes not occur in every place of an agitated tank but only in the limited place where the local energy dissipation rate is the largest. The distribution of £ in a tank may be affected by changing the impeller speed in the vicinity at the Reynolds number of about 104. Therefore, the discrepancy between theoretical and experimental 4ax in the region of low impeller speed depends on a certain change of the distribution of e9 that is, the approximation of e by Eq. (4).
1 Effect of impeller speed
2 Effect of dispersed-phase viscosity
The values of Jmaxat each impeller speed are read out from the solid curves in Fig. 4 and then plotted against jud in logarithmic coordinates in Fig. 5 . The slopes of all curves drawn through each set of plots are near to zero in the region of jud below 10cp and increases with the increase from 10 to 200 cp in /ud. In the region of ptd above 200 cp the slopes are in good agreement with the theoretical slope of 0.75 which is not be interpreted quantitatively, it may be caused by the following fact. When /id is relatively small, a deformed drop will be quicklyrestored to a spherical shape in real turbulence for each interval between turbulent fluctuations; that is, a drop will oscillate about spherical equilibrium shape. In this case, the deformation of a drop will be successfully represented by the present model. In contrast to this, when /id becomes very larger, it will become difficult for a deformed drop to be restored to a spherical shape for the above-mentioned interval. In this case, even a drop which has a smaller size than that predicted from Eq. (30) will breakup because the drop deformation is enhanced by the subsequent turbulent fluctuations. Therefore, this appears to be a major cause for the disagreement shown in Fig. 5 This will be of practical applicability in determining the relative distribution of particles in the fixed and fluidized sections of a semi-fluidized bed.
Experimental Procedure
The experimental set-up used and the procedure followed in the present study has been described in
